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Abstract 
This paper presents two case studies in which the use of full field measurements could provide valuable information 
to allow the development of R&D methods having the potential of assessing industrial issues. 
The first example is related to the study of the fracture properties of the nuclear fuel rods after a postulated Loss of 
Coolant Accident (LOCA) event. It will be shown that 3-D Digital Image Correlation strain measurements performed 
on a non-conventional mechanical test (expansion due to compression) can help to assess failure properties and 
derive fracture criteria of highly oxydized and hydrided Zircaloy cladding. These fracture criteria are therefore used 
in the Safety Demonstrations due conducted by EDF in reply to the French Safety Authority. 
The second example is related to the investigation of potentially brittle failure of an irradiation aged nuclear reactor 
pressure vessel (RPV) during a Loss of Coolant Accident event. As a matter of fact, the reactor pressure vessel is one 
of the non replaceable components of a nuclear power plant. Consequently, the study of the RPV ageing is of major 
importance for assessing plants lifetime. One consequence of the RPV ageing is the increasing risk of brittle fracture 
during postulated LOCA events. As a first step to better characterize experimentally the embrittlement of RPV steel, 
the second example presents in-situ strain heterogeneities in the plastic response of bainitic-ferritic 16MND5 steel, 
with respect to crystalline phases and orientations. These local observations are then used by a specific identification 
procedure, in order to obtain experimentally the crystal plasticity hardening flow behaviour of RPV steel. 
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1. Failure assessment of PWR fuel rods subjected to Loss of Coolant Accident 
1.1. Introduction 
Fuel cladding tubes in French Pressurised Water Reactor (PWR) nuclear powers plants are made of 
zirconium alloys, which contain fuel pellets of uranium oxide. Zirconium alloys are used for their good 
resistance to corrosion, neutron transparency, mechanical behaviour at high temperature and ductility. In 
reactor, the mechanical properties of cladding tubes change under the influence of several phenomena. In 
order to guarantee the integrity of the cladding, it is mandatory for EDF to characterize the evolution of 
ductility of the cladding during its stay in reactor and after postulated accidental situations. One of the 
postulated accidental situations is the LOCA (Loss-Of-Coolant Accident), during which the cladding tube 
is subjected to high temperature oxidation (above 1000°C) followed by a quench due to reflooding of cool 
water. 
After a LOCA scenario, Zircaloy cladding tubes present three layers of different phases, which are, 
from surface to inner part, respectively zirconium oxide, oxygen stabilized Į phase and prior-ȕ phase of 
zirconium (Fig. 1). Zirconium oxide and stabilized Į phase are brittle while prior-ȕ phase is ductile, 
which provides the cladding tube some residual ductility. 
In order to characterize the cladding tube residual ductility, tube specimens were obtained from 
laboratory simulated LOCA test, i.e. oxidation at high temperature followed by cooling, and then 
submitted to mechanical tests. The most often used mechanical tests are ring compression test, tube 
bending test, ring tensile test and impact test [3]. Due to material inhomogeneity and specimen structural 
effect, it is difficult to determine materials mechanical properties from these tests, and artificial ductility 
indicators were defined to interpret the results. 
 
 
 
Fig. 1: Metallographic image of the cross section of 
cladding tube after oxidation and quench [1]. 
Fig. 2: (a) Schematics of an EDC test; (b) Setup of dual camera system 
for 3D DIC measurement. 
1.2. Expansion Due to Compression test 
More recently, the EDC (Expansion-Due-to-Compression) test was developed at Studsvik for testing 
tube materials [2]. An EDC test consists in compressing a polymer pellet inside the tube (Fig. 2a), the 
radial expansion of pellet produces circumferential tensile load in the tube. The EDC test is suitable for 
determining the mechanical behaviour of cladding tubes after simulated LOCA conditions since the stress 
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developed in the three layers is circumferentially homogeneous, which can highly facilitate interpretation 
of test results. 
In order to interpret an EDC test, in addition to the compressive load recorded during the test, 
information regarding the tube’s deformation is necessary. The 3-dimensional DIC (Digital Image 
Correlation) technique [16] is now capable of carrying out 3-dimensional full-field displacement or strain 
measurement. This technique determines points correspondences between two images of the test 
specimen acquired from two rigidly bounded cameras [4]. Displacement or strain field is calculated by 
comparing the position of material points in the reference configuration with that of the same points in the 
deformed configuration. 
In this work an EDC test setup on a tensile machine combined with 3D DIC measurement system has 
been realized. Two cameras are aligned vertically with an angle between them (Fig. 2b) and connected to 
a computer by Firewire. The 3D DIC calculation is performed by the Vic-3D® commercial software.  The 
analogic signals of the tensile machine, such as compressive force, table displacement, are transmitted to 
the computer through an A/D converter. 
Before EDC test, random speckles are projected on the outer surface of the tube specimen by a spray 
paint (black speckles on a white background). The 2 cameras are calibrated and the calibration parameters 
are passed to 3D DIC software for calculating displacement or strain of the outer surface of the tube 
specimen during the EDC test.  
1.3. Strain calculation 
The strain field on the outer surface of the tube has to be carefully calculated, since the 3D DIC 
software uses Cartesian coordinates (O, x0, y0, z0) which have to be transformed, first into (O, x, y, z) as 
shown in Fig. 3a and second into cylindrical ones (O, r, T, z) in order to fit with the tube’s geometry. The 
chosen notations for the Cartesian coordinates are (x,y,z) and the corresponding cylindrical coordinates 
are (z,ș,r). The strain field then reads :  
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where positions, displacements and strains are expressed in the local frame of the tangential plane (Tx, 
Ty) in the reference configuration (see Fig 3b). In this configuration, the strain components exx and eyy 
correspond respectively to ezz and eTT in the cylindrical frame. 
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Fig. 3: (a) Schematics of the transformation coordinates; (b) local frame of the tube’s tangential plane. 
 
An EDC test of as-received Cold Work Stress Relieved Zircaloy-4 is carried out to validate the 
technique. Fig. 4 shows the hoop strain component İșș of the tube measured after unloading by the 3D 
DIC system. In addition to the DIC measurement, a laser extensometer is used to measure after the test 
the outer diameter of the tube while scanning the full height. Two measures are taken with the tube 
rotated at 90°. Comparison of the hoop strain calculated by 3D DIC and that measured by Laser 
extensometer shows good agreement (see Fig.5), which assures the accuracy of the measurement by the 
3D DIC system.  
 
 
Fig. 4: Hoop strain field on the outer surface of as-received CWRS Zircaloy-4 tube during EDC test. The compressive displacement 
is applied in the tube axial direction and results in a circumferential traction in the tube most deformed section. 
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Fig. 5: Axial profile of the tube’s radius variation (cylindrical frame). The radial extension ǻr is obtained from the laser 
extensometer measurement of the outer diameter of the tube compared with the initial outer diameter. 
1.4. Experimental tests and results 
EDC tests of oxidized and quenched CWSR Zircaloy-4 tubes have been carried out. The strain level of 
cladding tubes at failure is recorded, along with the applied load to the polymer pellet. The mechanical 
behaviour of the polymer pellet is also investigated through a compression test, during which the strain is 
measured by the 3D DIC system. Knowing the pellet behaviour and the pellet-tube friction conditions, it 
is possible to perform inverse finite element identification in order to obtain the mechanical behaviour of 
the oxidized and quenched cladding tube. Oxidized and quenched tube are sand blasted in order to 
remove the zirconium oxide and the stabilized alpha phase which have an elastic behavior determined 
through nano-indentation. The prior beta tubes then obtained are tested in EDC condition in order to 
identify the elastoplastic behaviour associated to the beta phase. 
As an example, an elasto-plastic model with isotropic hardening depending on the cumulative plastic 
strain p has been identified : 
 
 
(2) 
Figure 6 provides a comparison between experimental and simulated hoop strain versus load for 
different oxidation conditions. The experiments are performed all the way to failure. The finite element 
simulation of the tests on the three phase tubes are performed in order to determine the fracture criteria of 
the ductile prior-beta phase. The different oxidation condition associated to the four tubes are given in the 
following list: 
- specimen 1: Equivalent Cladding Reacted (ECR) = 6%, Oxidation temperature = 1200°C 
- specimen 2: Equivalent Cladding Reacted (ECR) = 6%, Oxidation temperature = 1100°C 
- specimen 3: Equivalent Cladding Reacted (ECR) = 10%, Oxidation temperature = 1200°C 
- specimen 4: Equivalent Cladding Reacted (ECR) = 10%, Oxidation temperature = 1100°C 
The obtained results on the different claddings will help deriving fracture criteria of Zircaloy-4 tubes 
subjected to LOCA thermo-mechanical loading. 
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Fig. 6: Inverse identification of constitutive equation for the oxidized and cooled Zircaloy-4 using EDC tests – Comparison between 
experiments and simulations. 
2. Experimental characterizations of the crystal plasticity behaviour of a bainitic-ferritic steel 
2.1. Introduction 
One of the motivations to study plasticity at the microstructural scale is to get physical insights for the 
embrittlement that can occur in some materials at low temperature. The present work focuses on a 
16MND5 steel used in the construction of the reactor pressure vessel in French Pressurized Water 
Reactors (PWRs), whose microstructure is ferritic-bainitic. A wide area of research has been devoted to 
better understand the embrittlement of this steel that is strongly related to the power plant lifetime 
because of the pressure vessel non replaceable nature. A second motivation is the improvement of 
lifetime predictions that now rely on multi-scale approaches allowing to derive physically based 
simulations [5]. To validate each scale transition procedure, it is highly desirable to validate 
experimentally the constitutive laws obtained at each scale. 
In the frame of crystal plasticity, dislocation dynamics simulations have been conducted [6-8] and are 
currently being used to derive constitutive equations for single crystals written in a general viscoplasticity 
formalism (for a general review, see [9]). 
Strain field measurements in polycristals have already been conducted for a wide range of materials 
[10-15]. At the smallest scales, these measurements were made possible by the use of a grid deposited by 
means of scanning electron beam lithography [10-12] together with Digital Image Correlation (DIC) 
techniques [16] used on SEM pictures. At larger scales, similar measurements were obtained using 
speckle painting sample preparation and white light optical photography [13-15]. In some works, the 
measurement of plastic strain fields at the polycrystal scale were conducted not only as experimental 
observations, but were also used to tackle the challenging identification problem of determining the single 
crystal behaviour from surface measurements at the scale of a few grains [12,17]. Despite available works 
on austenitic steels or austenitic-martensitic two phase steels, few measurements were reported in bainitic 
steels considered in this work. 
In the first two parts, we will first discuss the experimental procedure employed in this work and 
present some results on coupling DIC results with EBSD characterizations. A resulting study of in-situ 
strain heterogeneities in the plastic response of bainitic-ferritic 16MND5 steel, with respect to crystalline 
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phases and orientations, will be presented. In the last part, some preliminary results obtained by applying 
a novel identification procedure to the experimental results obtained for 16MND5 steel will be discussed. 
2.2. Sample preparation, SEM imaging and DIC methodology 
A 16MND5 flat dogbone sample was machined by electric discharge and sampled at about one quarter 
of the full thickness of the RPV component. Because of the chosen location in the cast, a few large 
proeutectoid ferritic grains are present together with bainitic grains, dividable in packets and laths. Two 
round notches of radii 0.6mm are machined in the gage centre to get sufficient deformations to achieve 
failure at room temperature with limited tensile machine travel. Another effect of the notches is to induce 
a biaxial stress state in the gage. The width between the notches is 1.5mm, for a plate thickness of 1.5mm. 
The sample surface was ground and polished to allow EBSD measurement. 
A scanning electron microscope FEI Quanta 600 was used in secondary electron mode using an ETD 
detector. The region of interest was obtained at a SEM magnification factor of 847 that corresponds to an 
image width of 250μm. The resolution of 2048 x 1768 is associated to a pixel lateral size of 73nm. An 
example of captured image is given Figure 4a. 
Regarding the sample preparation, it was chosen to etch the surface with natal in order to get the 
texture contrast variations needed to perform DIC. Naturally, this preparation can be insufficient for 
materials with grains of high chemical composition uniformity and low carbide content, e.g. austenitic 
steels. For the chosen 16MND5 sample, the carbide precipitate dispersion allowed sufficient contrast to 
perform image correlation. The DIC analysis was conducted using KelKins software [18] following 
procedures described in [19]. The chosen correlation subset size was 30 pixels, the grid spacing was 5 
pixel. The strain was computed from the displacement field by derivation of quadratic approximation 
polynomials determined from least square criterions on 11 x 11 displacement data points. Consequently, 
the approximation area to compute each local strain value is 85 x 85 pixels or 6.2 x 6.2μm. 
Local autocorrelations performed on a single image were conducted to check the feasibility of the 
correlation in ferritic and bainitic grains with respect to the correlation subset size. Diameter of ferritic 
grains is in average 20um, while bainite laths have an average width of 2um. Strain fields were computed 
from two successive images captured before the load application. The following equivalent strain (in-
plane L2 norm) was arbitrarily chosen to systematically analyze the in-plane strain tensor H : 
 
  2/12 xyyyxxeq HHHH   (3) 
 
Using this convention, Figure 4b shows the strain field overlaid with the grain boundaries obtained 
with EBSD (see §2.3). Except local artifacts where the error reaches values of 0.1 due to poor texture, the 
error values for the equivalent strain are less than 0.02 in average. From this error estimation, to get 
sufficient signal-to-noise ratio on local strain values, a macroscopic deformation of about 0.1 will have to 
be applied to the sample. Here, a deformation of about 0.9 was applied to the sample in 60 increments. 
For each increment, the SEM focus and image center were adjusted, and the following image capture 
lasted about 90 seconds. The loading axis is the horizontal x axis. 
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(a) (b) 
Fig. 4: (a) SEM reference image acquired prior loading application; (b) and strain field İeq computed from two successive images at 
zero load to characterize possible measurement errors. 
 
To show typical results obtained from DIC at characteristic loading steps, two equivalent strain field 
maps are reported in Figure 5. The peak strength is reached at a macroscopic deformation of 40%, when 
the strain field in Figure 5a is reported. By comparing the two strain fields in Figure 5, one will observe 
characteristic localization patterns at angles of about +/- 45 degrees. Localization occurs at locations 
remaining constant with the loading. With increasing loading, the localization becomes more pronounced. 
For the two fields reported in Figure 5a and 5b, the corresponding images do not show significant change 
in contrast and brightness allowing the correlation error to remain low. In the ultimate stages of loading, 
for a macroscopic strain greater than 80%, local variation in the surface texture occur, due to slip traces 
associated with out-of-plane extrusions. The confidence in DIC results has then to be very limited and the 
increasing errors associated to the loss of optical flow conservation are not characterized in this work. 
 
 
(a) (b) 
Fig. 5: Equivalent strain field İeq maps associated with an macroscopic deformation of 40% (a) and 60% (b). 
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2.3. strain measurement in a pressure vessel 16MND5 steel at the polycrystal scale: coupling DIC with 
EBSD 
Electron backscatter diffraction measurement was conducted before the mechanical testing, between 
the polishing and etching sample preparation steps. To better track the region of interest, small 
indentation marks were used to define a region of about 500 x 500μm size. The field width chosen for the 
EBSD was slightly larger than the 250μm field width used for the mechanical testing. This allow each 
pixel on the SEM image to be associated with EBSD data. The raw EBSD data was processed using 
OIM© software, that provides local orientation, index of quality, index of confidence, and misorientation 
criterions. Using misorientation criterions and average grain size, a grain segmentation can be achieved. 
The proposed segmentation is visible in Figure 4b after the coordinate system transformation between 
EBSD image and SEM image was identified. This coordinate system transformation was chosen as a bi-
quadratic polynomial function in order to accommodate geometrical distortion either due to the SEM 
beam scanning, or to the tilted sample positioning used when performing EBSD. In practice, such 
distortions were not found to be significant. The least square criterion minimization of the distance 
between characteristic points picked on both pictures was used to identify the geometrical transformation. 
Such minimization leads to the straightforward resolution of a linear system. After identification, a 
perfect match is observed between grain boundaries revealed by etching on the SEM picture (cf. Figure 
4a), and grain boundaries obtained from EBSD and overlaid on the SEM picture, as shown in Figure 6. 
 
Fig. 6: SEM picture captured at the start of mechanical testing and overlaid grain boundaries, shown in white, determined using 
preliminary EBSD measurement. 
 
Since the transformation between EBSD and SEM images was known, it was possible to associate to 
each local strain measurement value orientation data or any other data provided by typical OIM© 
analyses. When discussing plasticity results, one quantity of interest is the Schmid factor that can be 
computed from local orientation and a stress field. As a first approximation to compute the Schmid factor, 
the stress field was assumed uniform and uniaxial (although biaxiality could be possibly estimated from 
experimental average longitudinal and transverse strains). Then, for each data point, the maximal value 
from the twelve Schmid factors obtained on the slip systems of the {110} plane family was considered. 
Then, equivalent strain values were compared to maximum Schmid factor obtained at the same location 
(cf. Figure 7a). From this result, no significant correlation is observed between the Schmid factor and the 
equivalent strain. This lack of correlation means that additional information is needed to explain strain 
localization, e.g. material phases, stress heterogeneities. 
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Using misorientation criterions together with index of quality, it was possible to identify the ferritic 
and bainitic grains. Indeed, proeutectoid ferritic grains are distinguishable since they are associated with 
very low misorientations and very uniform index of quality. Once two strain data subsets are defined in 
ferrite and bainite, it is possible to compare statistically strain distributions in the two respective phases. 
The corresponding probability density functions are shown in Figure 7b, they highlight a narrower strain 
distribution in bainite with lower average than in ferrite that shows a higher fraction of higher strain 
values (the tail of the distribution is higher in ferrite). This means that localization occurs preferentially in 
ferrite, which is consistent with the fact that carbide concentration is lower and grain boundaries are fewer 
in ferrite, both features being possible obstacles to dislocation motion and thus responsible of hardening. 
 
 
(a) 
 
(b) 
Fig. 7: Equivalent strain plotted as a function of Schmid factor (a) and probability density functions of equivalent strain in ferrite 
and bainite (b), at a macroscopic deformation of 60%. 
2.4. Identification of crystal plasticity hardening flow from strain fields developing in a polycrystal 
After the strain localization was analyzed with respect to crystal phases and Schmid factor, the strain 
measurement was interpreted in the frame of crystal plasticity formalism. Crystal plasticity laws objective 
is to relate a resolved shear stress Ĳs acting on a slip system s to the plastic shear strain Ȗs acting on various 
systems. In some cases, the internal variables can be dislocation densities instead of plastic slips [9]. The 
objective here is to determine from the DIC strain field measurement the relationship between Ĳs and Ȗs on 
the same system, that represents the crystal plasticity flow hardening behaviour. In this work, we do not 
account for lattice rotations and the small strain hypothesis is done. Possible improvements of the 
technique will be addressed in further works. 
Once the orientation tensor sP is calculated as the symmetric part of the Schmid tensor form the slip 
plane normal sm and the slip direction sn , the resolved shear stress sW is computed in the crystal 
coordinate system as: 
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Under the small strain hypothesis, the plastic strain tensor pH can be calculated from the plastic slips Ȗs 
by summation: 
 
¦
 
 
12
1s
ssp
JPH  (5) 
It has been shown that in bcc materials the {110}<111> slip systems are almost totally responsible of 
the slip activity, although the slip systems associated with {112} and {123} planes can also show some 
activity at low temperatures [20]. Here, the hypothesis of solely active {110}}<111> slip systems was 
done. From the strain field, 12 plastic slips Ȗs remain then to be identified. Since only three in-plane 
components of the strain field are measured with DIC, a supplementary assumption is required to 
determine the plastic slips from Equation (5). The procedure that was chosen to determine the resolved 
shear stress and the plastic slips at each material point consists in the following steps: 
1. A uniform and uniaxial stress field   0VV xx is assumed, where ı0 is obtained from 
applied reaction F and the updated gage cross section S. The notation   stands for the tensor 
product. The vector x is collinear with the traction axis. 
2. The orientation matrix Q is obtained from EBSD data. Each [110] slip system is associated to 
a slip plane normal ms and a slip direction ns. The orientation tensor 
s
P in the specimen 
coordinate system is obtained using: 
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3. The resolved shear stress is obtained as Ĳs = ı0 fs, where ı0 is the stress amplitude and fs is the 
Schmid factor: 
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4. It is then assumed that the slip activity is only supported by the three slip systems of highest 
Schmid factors, while the plastic slip on other systems is neglected. Experimental 
observations [21] or dynamics of dislocation simulations [22] report the activation of a single 
slip system when the traction direction remains close to the centre of the standard triangle 
while two slip systems can be activated otherwise. Therefore, the selection of only three 
systems seems physically consistent. The plastic slips (Ȗ1, Ȗ2, Ȗ3) are now related to the three 
supposedly active systems sorted by decreasing Schmid factors. 
5. The system given by Equation (5) now pools three unknowns for three equations. We can 
now obtain the three plastic slips on selected systems, with the matrix A being computed from 
Equation (5) : 
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The system matrix to invert 
¹¸
·
©¨
§
s
A P is only depending on the orientation tensor and on the selection of 
slip systems. In the following, elastic strains are neglected. 
 
For the sake of simplification and to allow the inversion of the matrix A, the identification procedure 
was applied to the 37 mostly deformed grains of the region of interest. The data processing was 
performed at the grain centers, where the obtained local strain is a good estimator of the grain average 
strain since the approximation area is smaller than the grain average area (cf. §2.2). Two typical Ĳs–Ȗs 
curves are reported in Figure 8. In Figure 8a, three slip systems are active but show increasing stresses 
and strains with increasing Schmid factor fs. In Figure 8b, the two first slip systems show similar activity 
and the third slip system is inactive : this situation corresponds to duplex slip reported in the literature 
[21,22]. Although not expected, the activity observed in some grains on the third slip system could be due 
to artifacts in strain calculation because approximation areas can be insufficiently small compared to the 
grain size, or could be due to strain accommodation at grain boundaries and intragranular heterogeneous 
slip activity not described finely enough. 
 
  
(a) (b) 
Fig. 8: Two crystal plasticity flow hardening curves associated with different grains showing typical responses observed in highly 
deformed grains. 
2.5. Conclusion 
Localization of plastic deformation with respect to crystalline phases and orientation was presented in 
this second example. The absence of correlation between the Schmid factor and the equivalent strain 
values exemplified the need of additional information to explain localization. Stress heterogeneities are 
known to occur, and could be estimated experimentally from the elastic lattice deformation by diffraction 
techniques like Kossel or Cross-court. Stress heterogeneities can also be obtained numerically by 
conducting finite element or homogenization calculations on realistic microstructures. In this work, 
before addressing the stress heterogeneity issue, we used the local orientations provided by EBSD to 
derive from the local strain values a triplet of plastic slips in agreement with crystal plasticity formalism 
in bcc materials. This first attempt will have to be completed by future works on stress determination, 
together with smaller scale experiments allowing to measure intragranular heterogeneities. 
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